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ABSTRACT 
We report tests of a model for indoor PM2.5 of outdoor origin that incorporates physical 
mechanisms for time dependent transport, and size dependent penetration and deposition.  
This work was performed using information obtained from an intensive study of a house 
near Fresno, CA, USA.  During the multi-week study covering two seasons, we measured 
particles in both indoor and outdoor air, with high temporal, chemical, and size 
resolution, and other variables that also affect transport and fate.  Results suggest that 1) 
the model captures a significant fraction of the variation in meteorologically forced air 
infiltration rate, 2) the predicted indoor/outdoor PM2.5 ratio is not consistent with the 
measured ratio unless a large (unphysical) deposition rate > 2 hr-1 is assumed, and 3) the 
differences between model and measurement in indoor PM2.5 are likely due to loss of 
volatile ammonium-nitrate aerosol.  We conclude that nitrate particle volitization must be 
included in the model formulation. 
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INTRODUCTION 
Exposure to air containing particulate matter smaller than 2.5 microns in size (PM2.5) 
has been implicated in increased mortality and morbidity (Samet et al., 2000).  Because 
personal exposures to outdoor sources of PM2.5 are better correlated with indoor than 
outdoor concentrationn, models have been developed to estimate indoor concentrations of 
outdoor origin (Thornburg et al., 2001; Riley et al., 2002).  In particular, recent work by 
Riley et al. (2002, hereafter RMLN) incorporated current understanding of physical 
factors governing the indoor proportion of outdoor particles (IPOP), and the typical size 
distributions of outdoor particles, to estimate steady state probability distributions for 
IPOP and PM2.5 for urban and rural residences and small commercial buildings.  This 
work showed that typically 0.3 < IPOP < 1, which is consistent with earlier work.  
Herein, we construct and test a transient physical model based on parameterizations from 
RMLN, and compare the results with measurements made at a residential research house. 
 
 
 



METHODS 
The building used for this study is an unoccupied single story (134 m2 area) suburban 
residence in Clovis (a suburb of Fresno), CA.  Measurements were made from August, 
2000 to January, 2001, with three intensive measurement periods in October and 
December, 2000, and January, 2001.  More information on the instrumentation and 
experimental conditions is provided in Lunden, et al. (2002a,b) and Thatcher et al. 
(2002a). 
 
The model used to estimate indoor PM2.5 of outdoor origin is expressed as a 1st order 
time dependent linear differential equation for the concentration of indoor PM, Cin,j, in 
terms of outdoor concentration, Cout,j,  
 

                          dCin,j/dt = Pj(∆p,x) Cout,j λ - Cin ( βj(x) + λ), where  (1) 
 
the air infiltration rate into the building λ, the fraction of particles penetrating the 
building shell Pj(∆p,x), and the particle deposition rate inside the building βj(x) are 
functions of particle size j, indoor/outdoor pressure difference, ∆p, and other building 
factors, x, such as building furnishings and the turbulence intensity of indoor air.  Particle 
penetration factor and deposition rate were estimated using the work of Liu and Nazaroff 
(2000), and Lai and Nazaroff (2001) and Thatcher et al. (2002b) respectively, under 
assumptions similar to those in RMLN.  Curves showing typical ranges for size 
dependent penetration and deposition rate are shown in Figure 1.  Taken together, these 
curves show that 0.1 to ~ 1 µm particles are expected to transport into a building and 
deposit at rates in a range (0.1 – 1 hr-1) that is comparable to typical residential 
ventilation rates.   
 
The air infiltration rate into the house is predicted for periods without active mechanical 
forcing using the LBNL/AIM infiltration model (Walker and Wilson, 1998), measured 
indoor-outdoor temperature differences, roof level wind speed and direction, and building 
leakage area as measured with the blower door method (Dickerhoff, 2001).  The 
predicted infiltration rate is compared with the measured infiltration rate determined with 
a continuous SF6 tracer gas measurement.   
 
Indoor and outdoor particle number data were measured every 5 minutes with matched 
light scattering and aerodynamic particle sizing instruments, and binned into 20 
logarithmically spaced bins from 0.1 to 2.5µm in size (Lunden, 2002b).  Predicted indoor 
particle numbers are then calculated using the measured outdoor particle number data, the 
size dependent parameters from Figure 1, and the measured and predicted infiltration 
rates from Figure 2 as inputs to a forward marching finite difference form of Eq (1).  
Total PM2.5 concentration is calculated as the sum of size resolved particulate numbers 
assuming spherical particles with uniform density.  Note that although uncertainty in the 
estimate of mass concentration is expected (due to uncertainties in the absolute 
instrument collection efficiency, particle shape and density), the estimated indoor/outdoor 
PM2.5 ratio is somewhat insensitive to these errors.  Finally, concentrations are averaged 
over 12 hr intervals.  
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RESULTS 
Measured and predicted ventilation rates from a period in December, 2000 to January, 
2001, are shown in Figure 2.  After active experimental manipulations of the house in late 
Dec., the air infiltration was dominated by thermal and wind induced indoor/outdoor 
pressure differentials (see inset of Figure 2).  Linear regression of predicted on measured 
infiltration rates for this later period reveals that the predicted infiltration explains 64% of 
the variance in the measured data with a best fit slope of 0.65 +/- 0.02 and negligible 
offset.   This suggests that the infiltration model captures most of the meteorologically 
driven variations but that a multiplicative uncertainty is present in some combination of 
the estimates of the model coefficients, building parameters, or measured air exchange 
rate.   Below, we examine the effect of uncertainty in infiltration rate on the predicted 
indoor/outdoor PM2.5 ratio. 
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Figure 1.  Size dependent particle penetration and depositions rates.  Penetration is 
shown for indoor/outdoor pressures differences of 1 Pa (dotted), 0.3 Pa (solid), and 0.1 Pa 
(dashed).  Deposition rate is shown as a mean estimate (solid) within a factor of 3 
variations indicative of range of estimates from literature. 
 
The measured and predicted ratios of indoor to outdoor PM2.5 are shown in Figure 3.  In 
contrast to expectations, the values were measured to be significantly less than unity 
except during periods when outdoor air was rapidly forced into the building.  The low 
ratio can, however, be explained if a very high (> 2 hr-1) deposition rate is adopted.  
Additionally, the lower panel of Figure 3 shows that the uncertainty introduced by the 
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predicted versus measured infiltration rate is relatively small.  Similarly, using the upper 
estimate of deposition rates from Figure 1 does not have a very strong influence on the 
indoor/outdoor ratio.  These two results can be explained by examining the steady state 
solution to Eq (1), Cin,j (steady state) = Cout,j λ /(λ+β).  When infiltration and deposition 
are approximately equal variations in either parameter have a less than linear effect on the 
indoor/outdoor ratio. 
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Figure 2.  Measured (solid line) and predicted (dashed line) air exchange rates for period 
of winter measurements.  To show the correlation between measured and predicted 
infiltration rate when building was not mechanically forced, the right portion of the graph 
is magnified (see right hand scale) and shows the measured and predicted infiltration 
rates with the predicted values scaled by a factor of 0.65. 
 
DISCUSSION 
The principal result of this work is that the measured indoor/outdoor PM2.5 ratio was 
significantly lower than can be explained by current information on the transport and loss 
of non-volatile aerosol species.  This is likely due to the prevalence of volatile 
ammonium nitrate aerosol that vaporizes upon entry into the house (Lunden et al. 
(2002a)).  The results obtained here are also consistent with those of Thatcher et al. 
(2002a), where indoor/outdoor differences in sulfate aerosols are well predicted using the 
physically based model of Eq (1) to obtain best fit penetration and deposition rates in the 
range given in Figure 1, while a high deposition rate was necessary to fit the measured 
indoor nitrate aerosol.  Where volatile species constitute a significant fraction of total fine 
aerosol, successful predictions of indoor PM2.5 require a model that includes gas-particle 
partitioning.  
 
 These results also suggest that natural infiltration rates can be predicted with sufficient 
accuracy to allow prediction of non-volatile indoor PM2.5 ~ 10-20% precision.  To 
produce a model for use in occupied buildings, further work capturing the effects of 
human occupancy on ventilation, penetration, deposition, and filtration may be required.  
Then, knowing regional characterizations of building leakage area, HVAC systems, and 
building operation, we expect that accurate estimates of the regional distribution of non-
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volatile indoor PM2.5 of outdoor origin will be possible.  Inclusion of descriptions for 
these processes is underway. 
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Figure 3.  Indoor/outdoor PM2.5 ratio calculated from size resolved data and predicted 
by transient model.  Upper panel compares measured ratio (dashed line, closed squares) 
against predicted ratio obtained with mid range model parameters and measured air 
exchange rate (solid line, closed diamonds) and predicted ratio obtained with deposition 
rate of 2.5 hr-1 (open diamonds).  Note that a high deposition rate is necessary to 
approximately match the measured ratio.  Lower panel (with expanded scale) shows 
predicted ratios obtained with mid range model parameters and measured infiltration rate 
(solid line, closed diamonds), mid-range model parameters and predicted infiltration rate 
(open diamonds), and upper estimate of deposition rate and measured infiltration rate 
(inverted triangles).  Note that neither the over estimate of predicted infiltration rate nor 
the upper estimate of deposition rate produce more that 10-30% differences in predicted 
ratio. 
 
CONCLUSION AND IMPLICATIONS 
Measurements of air infiltration rate and size resolved fine particulate matter collected at 
a residence in the San Joaquin Valley, CA are compared with predictions from a building 
infiltration model and physically based transport model for non-volatile aerosol species.   
The results are considered in the context of producing a predictive model of indoor 
PM2.5 of outdoor origin that can be used at a regional level.  The measured and predicted 
infiltration rates compare sufficiently well that the infiltration model can likely be used as 
part of an aerosol model.  The aerosol transport model, however, does not capture the 
small indoor/outdoor PM2.5 ratios measured in the field.  The reason for the discrepancy 
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appears to be due to loss of volatile ammonium nitrate aerosol.  Successful prediction of 
indoor PM2.5 in regions with significant concentrations of volatile aerosol, hence appears 
to require inclusion of physiochemical processes governing gas-particle phase changes.  
Analysis and inclusion of the appropriate descriptions for these processes is currently 
being conducted. 
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